We previously developed a highly sensitive method to assess in situ repair kinetics of ultraviolet (UV)-induced DNA photoproducts in epidermal cells using monoclonal antibodies specific for cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6 -4) photoproducts (64PPs) by immunohistochemistry. In order to determine whether nucleotide excision repair capacity is operative in postmitotic mature neurons, brain surfaces of adult mice were exposed to UVB, and induction and removal of CPDs and 64PPs in Purkinje cell DNA were assessed immunohistochemically. UVB penetrated brain tissue to a depth sufficient to allow quantitative study. CPDs but not 64PPs were clearly detectable in the nuclei of Purkinje cells at doses Ͼ500 J/m 2 , in a dose-dependent manner. A time course experiment showed a statistically significant decrease of CPDs with time after irradiation. Although there was no apparent removal on Day 1, about half of CPDs were removed within 5 days, and the repair was essentially completed by Day 10. We conclude that non-dividing cerebellar neuronal cells can indeed repair UV-induced DNA damage, but with relatively low efficiency as compared with dividing epidermal cells. (Lab Invest 2000, 80:465-470).
S
hort-wavelength ultraviolet B (UVB, 280 -320 nm) is known to produce several photolesions in DNA. Major among these are the cyclobutane pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6 -4) photoproducts (64PPs) (Moan and Peak, 1989) , the critical components of the solar spectrum for the induction of skin cancer (Setlow, 1974) . It is well-established that these photoproducts can be rapidly excised from DNA by the nucleotide excision repair (NER) system. We have developed a highly sensitive immunohistochemical method to detect CPDs and 64PPs directly in conventional paraffin-embedded histologic sections of human and animal skins using monoclonal antibodies specific for these photoproducts. Our results showed that epidermal cells of monkey and mouse are very efficient at repairing UV photoproducts, although species differences have been noted (Qin et al, 1994 (Qin et al, , 1995 (Qin et al, , 1996 . Although it must be admitted that the present immunohistochemical method detects the DNA photolesions themselves and not the entire process of the NER, this system should be useful for in vivo studies of NER in various organs.
Controversy remains as to whether the NER pathway is functional in neurons of the adult brain (Brodsky et al, 1984; Brooks, 1998; Mazzarello et al, 1992; Scherini and Mares, 1993) . In most studies, NER has been assessed by measurement of unscheduled DNA synthesis, but this method lacks specificity. The aim for this experiment is to investigate whether bulky DNA lesions induced by UVB are repaired in neuronal cells of the adult mouse brain. To our knowledge, this is the first demonstration of dose-dependent induction and removal of CPDs in non-dividing neurons. Although UVB exposure is not physiological for brain, it may represent a suitable model for studying the mechanism of NER in Purkinje cells in vivo.
Results

Dose-Dependent Induction of Photoproducts in Purkinje Cells
CPDs were clearly demonstrable in the nuclei of Purkinje cells. The monoclonal antibody, TDM-2 did not show any binding activity to the control brain (unexposed to UVB). As shown in Fig. 1 , UVB penetrated fully to the depth of the granule cell layer of the cerebellum, as evidenced by homogeneous staining of cell nuclei. In the cerebral cortex, neurons down to the level of the external pyramidal layer were stained with TDM-2 (data not shown). The relative staining intensities increased dose-dependently ( p Ͻ 0.01). CPDs were detectable at the lowest dose of 500 J/m 2 , and their formation increased at a relatively constant rate. The dose-response curve showed increases up to a plateau at low-doses (250, 500, and 1000 J/m 2 ) (Fig. 2) . The observed plateau might be related to the fact that immunostaining intensity of the nuclei may not correlate with actual photoproduct numbers at higher dose, because antibody binding might be saturated, thereby limiting quantitative evaluation. On the other hand, 64PPs were not detectable under the same experimental conditions.
Time Course Analysis of CPDs in Purkinje Cells
Representative photomicrographs of time changes in CPDs are shown in Fig. 3 . No removal was apparent within the first 1 day, but gradual decreases were detectable afterward (Fig. 4) . Within 5 days, about half of CPDs were removed. As shown in Figs. 3 and 4, staining had almost completely disappeared by day 10. Similar results were obtained for neuronal cells of the cerebral cortex and the cerebellar granule cell layer (data not shown).
Discussion
In this study we clearly demonstrated that NER is indeed operative in postmitotic neuronal cells whose loss cannot be reversed by cellular renewal. The formation and removal of UV-induced DNA photolesions have been extensively studied in rodent and human skin (Berton et al, 1997; Burren et al, 1998; Bykov et al, 1999; Chadwick et al, 1995; Mitchell et al, 1995; Qin et al, 1994 Qin et al, , 1995 Qin et al, , 1996 Young et al, 1996) . However, no reports have appeared concerning in situ immunohistochemical investigation of the NER process in non-dividing neuronal cells. DNA damage and its repair in the brain after treatment with genotoxic agents have traditionally been measured either by biochemical analysis of DNA strand breakage or by induction of unscheduled DNA synthesis (Gaubatz and Tan, 1994; Gobbel et al, 1998; Hadjiolov and Venkov, 1975; Ishikawa et al, 1978a Ishikawa et al, , 1978b Morris et al, 1999; Rao, 1993; Rao and Loeb, 1992; Schmitz et al, 1999; Subrahamanyam and Rao, 1991; Lett, 1972, 1974) . However, in biochemical studies, in which the brain is treated as a whole without excluding contamination of non-neuronal cells, artificial DNA breakage and rejoining tend to occur, and the unscheduled DNA synthesis assay is not a direct demonstration of NER. The present immunohistochemical method, in contrast, is highly sensitive and specific for detection of photoproducts at the cell level. In fact, it earlier allowed clear demonstration of CPDs in human epidermal DNA exposed to solar light for only 5 minutes (unpublished data).
The results obtained in this study showed CPDs to be generated in Purkinje cells exposed to a dose of 500 J/m 2 and above. We have no explanation for the lack of detection of 64PPs in neuronal cells. In general, their accumulation is usually low, being approximately 10% to 50% of the yield of CPDs (Moan and Peak, 1989) . Moreover, 64PPs might somehow be rapidly eliminated from neuronal cells during irradiation and material processing, since 64PPs are induced at a greater frequency in DNA that is more accessible to repair enzymes (Gale and Smerdon, 1990; McCready and Cox, 1993; Mitchell et al, 1990) . In fact, a time course study using the mouse skin system showed that about half of 64PPs were excised within the first 24 hours after irradiation, and the excision process was complete by 72 hours. In contrast, there was no apparent removal of CPDs in the first 24 hours, and 
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they had only disappeared completely at 120 hours after irradiation (Qin et al, 1995) . It is also interesting to note that CPDs but not for 64PPs could be demonstrated in human skin sections exposed to 1-hours natural sunlight (unpublished data). The exact explanation for the lack of detection of 64PPs in neuronal cells will require further study.
The time course studies revealed that removal of CPDs started with a time lag almost 2 days after irradiation and that the repair process was completed by 10 days. Since our previous reports indicated that 10% of CPDs were removed from the mouse epidermis during the first 24 hours following exposure to a dose of 500 J/m 2 , with complete disappearance within 5 days (Qin et al, 1995) , non-dividing neuronal cells are evidently less efficient at CPD removal than dividing epidermal cells. Regarding interspecies differences in photoproduct removal, we previously reported that mouse epidermal cells can efficiently repair UVphotoproducts, but with considerably less efficiency than monkey skin cells (Qin et al, 1994 (Qin et al, , 1995 . Concerning other repair mechanisms, it is worth noting that neuronal cells can repair O 6 -methylguanine, mediated by the specific enzyme O 6 -methylguanine DNA methyltransferase. Evidence from animal and cell culture systems indicates that repair of O 6 -alkylguanine protects cells from malignant conversion (Nakatsuru et al, 1993) . For example, the carcinogen N-ethyl-Nnitrosourea is known to induce tumors preferentially in tissues, such as brain, having low levels of O 6 -methylguanine DNA methyltransferase (Oda et al, 1997) .
Using the approach adopted here, we have obtained preliminarily data suggesting that cerebellar neurons of mice lacking the xeroderma pigmentosum complementation group A gene fail to repair UVinduced DNA damage and show apoptotic cell death within 5 days after irradiation. Interestingly, heterozygous xeroderma pigmentosum group A gene targeted mice exhibited similar results as Crj: CD-1 (ICR) mice (unpublished data). The present method should be useful for further studies of NER in various types of mature neuronal cells in vivo.
Materials and Methods
UVB Source
Three fluorescent tubes (Toshiba FL 20 SE sunlamp, Toshiba Lighting and Technology Corporation, Tokyo, Japan), delivering an average dose of 3.8 J/m 2 /s at a distance of 30 cm over the wavelength range of 280 -340 nm with a main peak at 312 nm, were used. This range includes approximately 90% of the total energy output of the lamp. In all experiments, the dose rate was measured using a Blak-Ray Ultraviolet Meter, J-221 (UVP Incorporation, San Gabriel, California).
Animals and Experimental Procedures
Crj: CD-1 (ICR) mice (3 weeks old) were purchased from Charles River Japan Incorporation (Kanagawa, Japan) and housed in a controlled environment with a 12-hour light/dark cycle. At 6 weeks of age, female mice were anesthetized with sodium pentobarbital and fixed rigidly in parallel to the UV lamp. After an incision in the head skin, a flap was elevated from the underlying bone and a portion of the skull was surgically removed to expose the brain. Irradiation with UVB was then performed. For the dose response experiments, the mice were killed immediately after irradiation. For the time course studies of photoproduct removal, after exposure to UVB at a dose of 1000 J/m 2 , primary skin coverage was obtained with a local skin flap. Irradiated brains were excised on the planned days after treatment. For each dose or time point, 5 mice were used. All brain samples were fixed in 10% neutral buffered formalin and embedded in paraffin. To obtain identical staining conditions, control and irradiated tissues were embedded in the same paraffin blocks.
Reagents
Monoclonal antibodies, TDM-2 and 64M-2, against CPDs and 64PPs, respectively, were raised and characterized as described previously (Mori et al, 1991) . Trypsin and 3,3Ј-diaminobenzidine, tetrahydrochloride were obtained from Wako Pure Chemical Industries (Osaka, Japan). A histofine SAB-PO (M) kit was purchased from Nichirei Corporation (Tokyo, Japan).
Immunohistochemical Staining Procedures
The methods applied were described in detail in our previous reports (Qin et al, 1994 (Qin et al, , 1995 (Qin et al, , 1996 . Briefly, sections were pretreated with 70 mM NaOH for 30 minutes at room temperature and then with 0.1% trypsin solution for 15 minutes. Subsequently, the avidin-biotin-peroxidase complex method was performed, using the monoclonal antibodies TDM-2 (1:1500) or 64M-2 (1:1000) at 4°C overnight. A 0.025% 3,3Ј-diaminobenzidine solution was applied as the chromogen. All slides were stained concurrently, and appropriate control sections were included in every staining run. No counterstaining was applied.
Measurement of Nuclear Staining Intensity
Nuclear staining intensity was quantified using a SP500F color image analyzer (Olympus, Tokyo, Japan). To record images, a 40ϫobjective lens was used. For each sample on slides, the intensity of nuclear staining of consecutive cells was measured, for a total 50 Purkinje cells in the interfolding areas of the cerebellar folia, because these are parallel to the brain surface (Fig. 1) . Background counting, for subtraction from the intensity values of the UV-exposed nuclei, was performed using the control samples on each slide. The results were expressed as relative staining intensity using arbitrary units (a.u.), and regression levels were calculated. The significance of differences was judged by the t test. 
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